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Background: Patients undergoing complex aortic procedures performed 
with deep hypothermia and circulatory arrest have a significant risk of an 
adverse neurologic event when the arrest period is prolonged. Retrograde 
cerebral perfusion appears to improve cerebral protection, although col- 
lapsed cortical veins or functional jugular venous valves may restrict flow 
at the frequently recommended maximum pressure of 25 mm Hg. There- 
fore, the purpose of this study was to demonstrate he benefit of multimo- 
dality neurophysiologic monitoring in assuring delivery of retrograde 
cerebral perfusion. Methods: Electroencephalography, cerebral blood flow 
velocity, and regional cerebral venous oxygen saturation were used to 
quantify the intraoperative n urophysiologic changes accompanying retro- 
grade cerebral perfusion. The magnitude of changes was compared with 
those previously observed uring arrest without retrograde cerebral perfu- 
sion. Results: Thirty patients underwent complex aortic procedures neces- 
sitating circulatory arrest. 22 with retrograde cerebral perfusion. The mean 
retrograde perfusion pressure of 40 mm Hg (30 to 49 mm Hg, 95% 
confidence interval) and flow rate of 1.2 L/rain (0.9 to 1.6 L/mira necessary 
to achieve documented retrograde cerebral perfusion was much higher than 
previously recommended. During both retrograde cerebral perfusion and 
rewarming, cerebral oximetric monitoring uided adjustments in perfusion 
parameters to limit the rate of desaturation to 0.4% per minute (0.3% to 
0.6%). With retrograde cerebral perfusion there was a rapid (1) recovery of 
electroencephalographic activity during rewarming (21 minutes [range 16 
to 26 minutes]) and (2) return of consciousness after the operation (81% 
[58% to 95%, 95% confidence interval] awake by 12 hours). There was no 
transcranial Doppler evidence of cerebral edema with retrograde cerebral 
perfusion. Two neurologic complications occurred in the 22 patients 
managed with retrograde cerebral perfusion and one in the eight patients 
managed with arrest only. Conclusions: Multimodality neurologic monitor- 
ing assured optimal brain cooling and bihemispheric delivery of retrograde 
cerebral perfusion. Necessary retrograde pressure and flow were often 
higher than values previously reported. Avoidance of profound cerebral 
venous oxygen desaturation during retrograde cerebral perfusion and 
rewarming was associated with rapid recovery of neurologic function. 
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D eep hypothermia with circulatory arrest is a valuable technique for use during operations to 
correct complex aortic abnormalities. The safety and 
efficacy of this technique is well founded in labora- 
tory and clinical studies. However, the probability of 
an adverse neurologic event is directly related to the 
duration of arrest. 1 Retrograde cerebral perfusion 
(RCP) was recently reintroduced by Ueda and as- 
sociates 2 in hope of increasing the safe arrest period. 
Although initial clinical results appear promising, 3-6 
objective intraoperative neurophysiologic data on 
the immediate ffects of RCP are not well estab- 
lished. Furthermore, animal studies uggest possible 
difficulties and dangers associated with RCP. For 
example, both Nojima 7 and Usui s and their associ- 
ates found that superior vena caval pressures above 
25 mm Hg during retrograde flow were associated 
with cerebral edema in canine models. Midulla and 
colleagues, 9 using a porcine model, observed a 
significant pressure gradient between the superior 
vena cava and sagittal sinus. They concluded that 
without sagittal sinus pressure monitoring, definite 
underperfusion would have occurred in 38% of their 
animals. 
Potential impediments oretrograde cerebral flow 
have also been observed clinically. First, cortical 
veins collapse during a sudden loss of cerebral 
perfusion pressure. I° Thus a zero or negative trans- 
mural venous pressure accompanying conversion of 
antegrade to retrograde perfusion may result in 
increased cerebrovenous resistance, which must be 
overcome to initiate RCP within the cortical mantle. 
Second, Okamato and coworkers 11 and Imai, 
Hanaoka; and Kemmotsuo ~2 have observed compe- 
tent jugular valves in some patients. Superior vena 
caval pressures of more than 50 mm Hg were often 
required to breach these valves. These findings raise 
concern about the reliability and effectiveness of 
low-pressure RCP. Substantiating this concern, Sa- 
kahashi and colleagues 13failed to find transcranial 
Doppler ultrasonic evidence of RCP in 50% of their 
small patient sample. In accord with the previously 
cited animal studies, they limited caval pressure to 
40 turn Hg and flow rate to 0.5 L/rain. 
Before initiation of large-scale prospective clini- 
cal efficacy trials, it thus appears essential to develop 
monitoring methods that document the safe delivery 
of RCP. Therefore this retrospective Cohort out- 
come analysis was undertaken to demonstrate the 
clinical application of multimodality neurophysio- 
logic monitoring to the technique of RCP. The 
electroencephalogram (EEG) was used to deter- 
mine the individualized optimal cranial temperature 
for the initiation of RCP and document the return 
of synaptic function during rewarming. Cerebral 
blood flow velocity, as measured by transcranial 
Doppler ultrasonography, verified the successful 
establishment of RCP in both cerebral hemispheres. 
Transcranial near-infrared spectroscopic measure- 
ment of relative cerebral venous oxygen saturation 
in each hemisphere served to individually adjust 
perfusion conditions to minimize desaturation dur- 
ing both RCP and later rewarming with antegrade 
flow. 
Methods 
Patients. Between August 1993 and March 1996, 30 
patients underwent neurophysiologic monitoring during 
complex aortic procedures necessitating deep hypother- 
mic circulatory arrest. The clinical and operative notes, as 
well as the anesthesia and perfusion records, of all 30 
patients were reviewed. All the patients had pharmaco- 
logic neurologic protection with phenytoin (15 mg/kg 
intravenously) before cardiopulmonary bypass (CPB) and 
methylprednisolone sodium succinate (3 mg/kg intrave- 
nously) while cooling on CPB. Twenty-two of the 30 
patients had RCP for additional cerebral protection dur- 
ing arrest. The neurophysiologic monitoring and clinical 
outcome data of these 22 patients were then related to the 
data of eight patients who required circulatory arrest but 
did not undergo RCP. 
The CPB circuit and priming solution, the cooling and 
rewarming rates, and the anesthesia protocols were 
similar in the two groups. Twenty-seven operations 
were performed through median sternotomies with 
femoral artery and right atrial cannulation. The remain- 
ing three operations were performed through thoracot- 
omies with femoral artery and femoral vein cannula- 
tion. The appropriate arrest emperature was achieved 
when a flat-line EEG was obtained. RCP was accom- 
plished by perfusing oxygenated blood at the arrest 
temperature via a 22F wire-reinforced venous return 
cannula placed into the superior vena cava, which was 
snared with a tourniquet (Fig. 1). Bilateral arm tourni- 
quets were inflated to 60 mm Hg during RCP. The 
central venous pressure was measured in the superior 
vena cava. 
EEG. Cerebrocortical function was objectively charac- 
terized by means of quantitative EEG. Cerebral biopoten- 
tials were recorded with gold cup electrodes placed bilat- 
erally on the patient's forehead and mastoid. Fourier 
spectral analysis of the EEG (A-1000, Aspect Medical 
Systems, Natick, Mass., Spectrum 32, Cadwell Labs, Ken- 
newick, Wash., or NeuroTrac II, Moberg Medical, Am- 
bler, Pa.) produced simple numeric indices suitable for 
characterizing changes in the complex waveforms. Ampli- 
tude of the signal was determined by total power in 
picowatts in successive 2-second epochs. A flat-line pat- 
tern was defined as an amplitude of less than 10 picowatts 
(i.e., signal-to-noise ratio of <10:1) in more than 35% of 
epochs per minute. 
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Fig. 1. Technique of RCP and neurophysiologic monitoring during deep hypothermia nd circulatory 
arrest. SVC, Superior vena cava. (Courtesy of Somanetics Corporation, Troy, Michigan.) 
Measurement of cerebral blood flow velocity. Actual 
retrograde flow through the middle cerebral arteries was 
verified continuously and noninvasively by transcranial 
Doppler ultrasonography. Two 2 mHz pulse-wave ultra- 
sonography transducers were positioned with a commer- 
cially available fixation device (Medasonics, Fremont, 
Calif.) Over the left and right temporal regions. These 
transducers insonated the portion of the middle cerebral 
arteries near their juncture with the ipsilateral anterior 
cerebral artery. A color spectral analyzer (NeuroGuard, 
Medasonics) displayed the flow velocity profile on a VGA 
high-resolution color graphics monitor (Mitsuba Elec- 
tronics, Tokyo, Japan). The technical specifications of the 
monitor's capabilities of measuring low flow velocity are 
described in Appendix 2. Through a VGA-NTSC video 
hyperconverter (PC Video Conversion, San Jose, Calif.), 
transcranial Doppler recordings from the entire operation 
were videotaped for subsequent review. Key spectral 
segments illustrating changes in cerebral blood flow ve- 
locity were also stored digitally and printed as black and 
white images. Cerebral blood flow velocity was quantified 
from the upper edge of the velocity spectrum. A reversal 
of flow direction was signified by spectral inversion. 
Measurement of regional cerebral venous oxygen satu- 
ration. The adequacy of the retrograde flow rate was 
assessed according to relative changes in cerebrovenous 
oxygen saturation with transcranial near-infrared spec- 
troscopy. Self-adhesive patches, which contained an infra- 
red light-emitting diode and two distant sensors (30 mm 
[scalp] and 40 mm [scalp plus brain]) were fixed on the left 
and right sides of the patient's forehead. Cerebrovenous 
oxygen saturation was calculated from the differential 
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signal obtained from these two sensors, expressed as the 
venous-weighted percent oxygenated hemoglobin. The cere- 
brovenous oxygen saturation trend was displayed on an 
infrared spectrophotometer (INVOS 3100A, Somanetics, 
Troy, Mich.). This trend represented a temperature-cor- 
rected average of 16.5 seconds of data updated every 3.3 
seconds. Data points comprising the moving average trend 
were stored continuously on floppy disk every 10 seconds. 
Anesthesia and monitoring protocol. Anesthesia was 
provided by a single anesthesiologist (J.R.P.) using a 
standardized protocol based on moderate-dose opioid 
infusion with continuous i oflurane supplementation. All 
monitoring was performed by one clinical neurophysiolo- 
gist (H.L.E.). Neurologic monitoring had eight objectives, 
which were applied consistently. The first was to ensure 
adequate bihemispheric perfusion during surgical expo- 
sure, vessel cannulation, and the initiation of CPB. The 
second was the appearance of a flat-line EEG, which 
individualized the nasopharyngeal temperature for arrest. 
Third, transcranial Doppler ultrasonography facilitated 
bilateral RCP by prompting adjustments in perfusion 
cannula position, snare tension, and caval pressure (up to 
60 mm Hg) to produce graphic and acoustic evidence of 
reversed flow. Fourth, optimal RCP flow was guided by 
cerebral oximetry. Flow was increased to a maximum of 
2.8 L/rain to minimize cerebrovenous oxygen desatura- 
tion. With high flow, continued rapid desaturation 
prompted a decrease in perfusate temperature. Fifth, 
transcranial Doppler ultrasonography verified return of 
antegrade perfusion through both middle cerebral arter- 
ies. Sixth, the EEG provided an objective indicator of the 
return of cerebrocortical function. Seventh, cerebro- 
venous oxygen desaturation during rewarming was 
managed with a pharmacologically increased cerebral 
perfusion pressure and cerebral metabolic suppression 
with a propofol infusion titrated to return saturation to 
the prebypass baseline. Eighth, neurologic monitoring 
facilitated the application of standardized anesthetic 
delivery by avoiding episodes of inadequate or excessive 
anesthesia. 
Postoperative care. Postoperative s dation for all pa- 
tients was standardized under the direction of a single 
surgeon (B.L.G.). Neurologic outcomes were determined 
by documented neurologic events and by the postopera- 
tive level of consciousness scoring, which was obtained 
from the intensive care unit nursing records. The percent 
of each group who were awake and alert 12 hours after the 
operation was calculated from these records. The percent- 
ages of patients who were extubated within 18 hours, 
discharged from the intensive care unit within 24 hours, 
and discharged from the hospital within 10 days were also 
determined for patients with and without RCP. 
Statistical analysis. Normally distributed ata were 
described by the mean and 95% confidence interval. 
Ordinal (scalar) values and data that were not normally 
distributed were expressed as proportions (i.e., percent 
affected, with 95% confidence intervals). The confidence 
intervals for binomial proportions were calculated with 
personal computer-based StatXact software (Cytel Soft- 
ware, Cambridge, Mass.). Unless otherwise indicated, all 
numbers in parentheses signify 95% confidence intervals. 
Table I. The diagnoses of patients with RCP versus 
patients with arrest only 
Diagnosis RCP Arrest 
Primary 
Annuloaortic ectasia 8 3 
Ascending aneurysm 3 2 
Arch aneurysm 2 1 
Descending aneurysm 0 1 
Thoracoabdominal aneurysm 0 1 
Proximal aortic dissection 
Acute 5 0 
Chronic 4 0 
Secondary* 
Coronary artery disease 5 4 
Arch aneurysm 3 3 
Descending aneurysm 0 1 
Innominate aneurysm 1 1 
Carotid aneurysm 1 0 
Aortic stenosis 1 0 
Mitral regurgitation 1 1 
Arrest, Deep hypothermia and circulatory arrest; RCP, retrograde 
perfusion. 
*Some patients had multiple secondary diagnoses. 
cerebral 
Results 
Patient characteristics. The clinical characteris- 
tics of both groups are summarized in Tables I and 
II. The RCP group comprised 22 patients (male/ 
female ratio 16:6) with a mean age of 61 years 
(range 23 to 81 years). The arrest-only group con- 
sisted of eight patients (male/female ratio 5:3) with 
a mean age of 62 years (range 36 to 76 years). The 
incidence of previous ternotomy, diabetes mellitus, 
hypertension, and preoperative renal insufficiency 
was comparable in the two groups. Appendix 1 
describes the temporal sequence of the use of RCP, 
which began with the sixth case of the series. Begin- 
ning in July 1994, the retrograde technique was 
attempted in all patients except those requiring a 
left thoracotomy. Despite a preponderance of ar- 
rest-only treatment in the early phase of the stu@, 
the demographics and clinical management of all 
patients were similar. The lack of difference and low 
variability in arrest times between arrest-only and 
RCP groups testifies to the uniformity of surgical 
technique during the study. 
Neurophysiologic monitoring data. The middle 
cerebral arteries of one female patient could not be 
insonated because of the absence of a temporal 
ultrasonic window caused by hyperostosis. A loss of 
transcranial Doppler signal at aortic erossclamping 
in two patients with acute aortic dissections identi- 
fied a malperfusion syndrome, necessitating a
change in cannulation site. Nasopharyngeal temper- 
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Table II. The operations of patients with RCP 
versus patients with arrest only 
Type of operation RCP Arrest 
Primary 
Aortic valved conduit* 13 4 
Repair ascending aneurysm* 2 1 
Repair arch aneurysm 2 1 
Repair descending aneurysm? 0 1 
Repair thoracoabdominal aneurysmt 0 1 
Repair aortic dissection 
Acu t e * 4 0 
Chronic* 1 0 
Secondary$ 
Repair arch aneurysm 5 3 
Repair innominate aneurysm 1 1 
Repair carotid aneurysm 1 0 
Repair descending aneurysm 0 1 
Coronary artery bypass 4 4 
Aortic valve replacement 1 0 
Mitral valve replacement 1 1 
Arrest, Deep hypothermia and circulatory arrest; RCP, retrograde c rebral 
per fusion. 
*Open distal anastomosis. 
?Open proximal anastomosis. 
SSome patients had multiple secondary operations. 
ature required to maintain a flat-line EEG varied 
widely from 8 ° to 22 ° C. 
The duration of circulatory arrest was similar in 
both the RCP and arrest-only groups (Table III). 
Furthermore, the nasopharyngeal temperature at 
the onset of circulatory arrest in the two groups was 
similar (Table III). Despite these similarities, there 
were group differences in physiologic responses. 
Appendix 1 provides for each patient he ante- 
grade cerebral blood flow velocity before arrest and 
the initial retrograde velocity. In patients treated 
before June 1995, we were unable to reliably detect 
RCP with transcranial Doppler ultrasonography. 
The 150 Hz high-pass filter used in the original 
Doppler units prevented detection of flow velocities 
of less than 6 cm/sec. Subsequently, a 75 Hz filter 
was introduced that permitted etection of veloci- 
ties as low as 3 cm/sec. With this improved Doppler 
system (see Appendix 2), retrograde signals were 
detected in 16 of 18 cases. The group mean initial 
retrograde velocity was 7 cm/sec (5 to 9 cm/sec) 
compared with the prearrest antegrade value of 22 
cm/sec (19 to 25 cm/sec). A consistent close rela- 
tionship between retrograde velocity/signal intensity 
and pump flow verified that the small ultrasonic 
signals actually reflected reverse flow through the 
middle cerebral arteries and were not due to a 
low-frequency artifact. 
Table IlI. [ntraoperative neurophysiologic 
monitoring results 
RCP Arrest 
(n =22) (n = 8) 
Circulatory arrest 
Duration (rain) 26 (22-30)* 24 (15-33) 
Temperature (°C) 17 (16-19) 17 (14-20) 
Regional cerebral venous oxygen 
saturation decrease 
Percent 11 (7-14) 21 (9-33) 
Rate (percent/min) 0.4 (0.3-0.6) 0.9 (0.4-15) 
Etectroencephalogr aphy 
Return (min) 21 (16-26) 55 (21-90) 
Arrest, Deep hypothermia and circulatory arrest; RCP, retrograde c rebral 
perfnsion. 
*Mean (95% confidence interval of the mean). 
The average superior vena caval pressure of 40 
mm Hg (30 to 49 mm Hg), necessary to establish 
Doppler-verified RCP, was much higher than the 
previously recommended maximum of 25 mm Hg. 
Additionally, the retrograde flow rate needed to 
prevent initial rapid (>1%/rain) cerebral oxygen 
desaturation was 1.2 L/rain (0.9 to 1.6 L/min). Post- 
CPB end-diastolic flow velocity of 29 cm/sec (23 to 35 
cm/sec) in the RCP group was similar to the pre-CPB 
baseline value of 22 cm/sec (16 to 28 crrvsec). 
The extent of cerebral oxygen desaturation (i.e.. 
percent decrease from prearrest baseline) appeared 
somewhat larger in arrest-only patients (Table III). 
Similarly, the average rate of desaturation i the 
arrest-only group was nearly double that seen in the 
RCP group (Table III). 
Clearly, the cerebral oximetric measurements re-
flected dynamic metabolic processes during RCP 
and were not the result of stagnant cerebral venous 
pooling. The cerebrovenous oxygen saturation val- 
ues consistently responded appropriately to mea- 
sures designed to further reduce the rate of cere- 
brovenous oxygen desaturation during RCP. After 
the transcranial Doppler-confirmed establishment 
of bilateral RCP, occasional continued rapid desatu- 
ration was abated by an increase in pump flow or 
decrease in perfusate temperature. Patients with 
RCP also had a more rapid return of cerebrocortical 
function. Continuous EEG activity returned more 
quickly with RCP (Table III). 
Postoperative outcome results. As expected, the 
influence of RCP on recovery was most apparent in 
its earliest phases (Table IV). Patients managed 
with RCP regained consciousness more quickly than 
those with arrest only. No patient in the arrest-only 
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Table IV. Postoperative outcome results 
RCP Arrest 
Variable n % n % 
Awake by 12 hr 22 81 (58-95)* 
Extubated by 18 hr 19 42 (20-67) 
[CU discharge within 24 hr 19 32 (13-57) 
Hospital discharge within 10 days 19 47 (24-71) 
8 0(0-31) 
8 13 (0-53) 
8 0(0-21) 
8 37(19-76) 
An'est, Deep hypothermia and circulatory arrest; ICU, intensive care unit; RCP, retrograde c rebral perfusion. 
*Ninety-five percent confidence interval of the proportion. 
group was awake and alert within the first 12 
postoperative hours, compared with 81% in the 
RCP group. Although 42% of RCP-managed pa- 
tients were extubated within 18 hours versus 13% of 
those without RCP, their respective 95% confidence 
limits overlapped (Table IV). Similar differences 
were seen in the fraction of patients discharged from 
the intensive care unit within 24 hours (32% with 
RCP vs 0% without RCP) and from the hospital 
within 10 days (47% with RCP vs 37% without RCP) 
(Table IV). There were two neurologic omplica- 
tions in the RCP-managed patients compared with 
one in the arrest-only group. 
Two deaths occurred in the RCP group, one of 
which was due to a neurologic event. This patient 
had an acute type I aortic dissection and a history of 
a preoperative stroke. She died 8 days after the 
operation of complications from an intraoperative 
stroke. The second patient died 81 days after the 
operation of complications of acquired immunode- 
ficiency syndrome, which was diagnosed in the post- 
operative period after the repair of an acute type I 
aortic dissection. Data from both patients were 
included in the level of consciousness coring and 
neurologic event analysis; however, neither patient's 
data were included in the analysis of extubation 
time, intensive care unit stay, or hospital ength of 
stay. 
Discussion 
The applicability of comparative inferential statis- 
tics in retrospective cohort studies is often dimin- 
ished by imbalance in patient assignment and an 
absence of true randomization. This report is no 
exception. As an account of our initial experience 
with RCP guided by neurologic monitoring, it is not 
a truly randomized clinical trial. So that we could 
gain experience with the retrograde technique 
quickly, patients were not randomized to RCP or 
arrest only and the sample sizes were both small and 
unequal. Inasmuch as these inadequacies may result 
in statistical bias, caution is urged in the comparison 
of group data from the RCP and arrest-only groups. 
In particular, we note that the majority of the 
arrest-only patients were studied first. 
Study design limitations notwithstanding, these 
results suggest hat, with the guidance of multimo- 
dality neurologic monitoring, RCP can be reliably 
and safely delivered. Because transcranial Doppler 
end-diastolic flow velocity is a sensitive indicator of 
developing intracranial hypertension, 14'15 it pro- 
vided objective evidence that cerebral edema was 
absent in patients treated with retrograde pressures 
and flows higher than those previously recom- 
mended. Postbypass end-diastolic flow velocities 
were similar to their respective prebypass baselines. 
Regional cerebral venous oxygen saturation, as 
measured noninvasively by near-infrared spectros- 
copy, detected changes in oxygen saturation from 
within the adult cerebral cortex. 16 Desaturation 
changes detected by this technique indicate a failure 
of increased cerebral oxygen extraction to keep pace 
with falling delivery or increased metabolic de- 
mand. 17 We are unaware of any reports that docu- 
ment regional cerebral venous oxygen desaturation 
from other physiologic auses. Absolute saturation 
values are influenced by many variables, and norma- 
tive values have not been established. Clinical appli- 
cations of cerebral oximetry, therefore, have relied 
on relative changes expressed as percent deviation 
from baseline. Our study demonstrated a signifi- 
cantly lower relative total desaturation and a lower 
rate of desaturation i patients receiving RCP. This 
indicates that RCP provided at least part of the 
oxygenation ecessary for cerebral metabolic de- 
mands at these temperatures. Our findings are thus 
in agreement with those of Deeb and associates, 5 
who proposed that cerebral oximetry-monitored 
RCP appears to extend the safe arrest ime. Trans- 
cranial Doppler ultrasonography is necessary to 
document RCP flow, whereas the oximetry data 
indicate the effectiveness of a given flow in main- 
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taining oxygenation. This combined monitoring can 
detect cerebral ischemia if desaturation ccurs dur- 
ing RCP, despite flow documented by transcranial 
Doppler ultrasonography. Therapeutic options in- 
clude further cooling of the retrograde perfusate, 
increasing RCP flows, increasing carbon dioxide 
tension, and pharmacologic nterventions to sup- 
press cerebral metabolic activity. 
Cerebral oximetry also provides important infor- 
mation during systemic rewarming after circulatory 
arrest. During resumption of antegrade cerebral 
flow and rewarming, the normal inear relationship 
between cerebral blood flow and brain temperature 
may be disrupted (flow-metabolism uncoupling). 
Oxygen desaturation that occurs during rewarming 
as a result of uncoupling is particularly dangerous, 
because the brain is now metabolically hyperactive 
and at increased risk for ischemic insult. This con- 
dition may require metabolic suppression and neu- 
roprotectant intervention toavoid a poor neurologic 
outcome. 
The optimal cranial temperature for arrest has 
not been established. Coselli and coworkers ~8 pro- 
posed that adequate systemic cooling occurs when a 
flat-line EEG is obtained and provides optimal brain 
protection for arrest. Others 19 have proposed sys- 
temic cooling to specific lower temperatures, be- 
cause there may be a poor correlation between brain 
temperature and EEG activity. In our study, the 
temperature atwhich the EEG waveform became 
flat varied greatly among patients (8°C to 22 ° C) 
and confirms the findings reported by Coselli's 
group, is Cerebral oximetry data during cooling pro- 
vided further information on the appropriate arrest 
temperature. We found that as cooling progressed, 
cerebral oxygen saturation i creased because cere- 
bral metabolic activity decreased more rapidly than 
luxuriant cerebral blood flow. The oxygen saturation 
trend reached aplateau near the temperature asso- 
ciated with a flat-line EEG. Because the benefit of 
hypothermia s generally attributed to synaptic de- 
pression, further cooling beyond a flat-line EEG or 
oxygen saturation plateau, therefore, would not be 
expected to increase cerebral protection. Cooling to 
the same determined fixed temperature may not be 
appropriate for all patients and could lead to exces- 
sive cooling, which has its own potential problems 
including severe coagulopathies. Instead, neuro- 
physiologic monitoring data can be used to objec- 
tively determine the optimal arrest emperature and 
can also define efficacious RCP parameters ofbrain 
temperature, arterial carbon dioxide tension, pump 
flow rate, and superior vena caval pressures for 
partial cerebral protection during arrest. 
Our results suggest hat when compared with 
arrest only, adequate RCP provides patients with a 
more rapid return of continuous EEG activity and 
an earlier eturn of consciousness in the postopera- 
tive period. The value of quantitative EEG in ob- 
jectively assessing cerebral injury after arrest has 
been demonstrated. 2°' 21 However, the retrospective 
and subjective nature of our return-to-conscious 
data requires a more cautious interpretation. Cau- 
tion is especially warranted inasmuch as the deter- 
minations were made by several members of the 
nursing staff, rather than by a single rater. Valida- 
tion of these latter findings will require prospective 
blinded assessment. 
The low overall incidence of documented a verse 
neurologic events in both groups limits its usefulness 
as an outcome measure of RCP benefit. This is 
particularly true because the mean circulatorv arrest 
times were relatively short in both groups and well 
within the arrest ime considered to be safe. How- 
ever, our findings are consistent with the recem 
observations of Deeb and associates. 5 who noted a 
less than 10% neurologic deficit incidence with a 
mean RCP time of 63 minutes (range 35 to 128 
minutes). These excellent results were in stark con- 
trast with their earlier dismal experience with arrest- 
only periods exceeding 60 minutes. 
Not surprisingly, the other outcome measures 
reflecting extubation time. intensive care unit length 
of stay, and hospital length of stay did not indicate 
improved neurologic protection. These outcome 
measures are relatively insensitive, however, and 
dependent on a multitude of postoperative factors 
unrelated to the use of RCP. 
In summary, under the guidance of multimodality 
neurologic monitoring, RCP using relatively high 
pressure and flow appears to be at least as safe as 
circulatory arrest alone. There was no neurophysio- 
logic or clinical evidence of either cerebral edema or 
hemorrhage with RCP. The diminished cerebral 
oxygen desaturation in RCP-managed patients 
was associated with a more rapid return of cere- 
brocortical function both during and after the 
operation. Thus the theoretical concerns and 
technical difficulties associated with RCP delivery 
have been largely resolved. It now appears appro- 
priate to formulate a multicenter prospective 
study of RCP efficacy using multimodality neuro- 
logic monitoring to standardize and optimize the 
technique of retrograde perfusion. 
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Discussion 
Dr. Randall B. Griepp (New York, N.Y.). I agree that 
the early appearance of EEG activity after circulatory 
arrest is a reliable and objective test of the adequacy of 
cerebral protection and correlates in animal studies well 
with neuropathology. I further agree that the early reap- 
pearance of EEG activity in your patient who had RCP is 
encouraging. Your work further documents he etficacy of 
RCP in reducing cerebral ischemia during interruption of
antegrade perfusion, and, to my knowledge, it is the first 
routine documentation f retrograde flow in the middle 
cerebral artery in human beings during RCP. It also 
further documents the utility of near-infrared spectros- 
copy in monitoring the effect of RCP. 
I have several questions. The mean value of the central 
venous pressure when retrograde flow signals were appar- 
ent in the middle cerebral artery was 39 mm Hg, a level 
that is quite high. What was the maximum value? Perhaps 
it is much safer to go higher than we have previously 
thought. You mentioned that the end-diastolic flow in the 
middle cerebral artery after CPB did not change in the 
RCP-treated patients from the preoperative value. I am 
curious as to whether it did in the patients treated with 
hypothermic circulatory arrest alone. 
The issue of when to discontinue CPB and begin the 
period of circulatory arrest was mentioned as the point at 
which brain cerebral oxygen saturation was maximum and 
EEG silence occurred. Many of us who follow jugular bulb 
venous saturation use this as an indicator of when the 
brain is saturated. Do you have correlative data between 
the near-infrared spectroscopy and the jugular bulb satu- 
ration? 
I have one further question. Most of the monitoring 
modalities that you have advocated involve the anterior 
cortex or perhaps the parietal cortex. Do you have any 
suggestions a to how to monitor adequately the posterior 
cerebral circulation? As you know, this may receive 
retrograde flow through pathways other than those that 
supply the anterior brain. 
Dr. Ganzel. The maximum central venous pressure rate 
or the pressure that we saw was 49 mm Hg. Quite 
honestly, earlier in our experience we probably would not 
have had the courage to go to that level, but as we gained 
more confidence in the technique over time, we went to 
higher pressures. 
Regarding the end-diastolic flow in the patients who 
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were treated with circulatory arrest, we did not analyze 
those results. I agree that EEG silence is not necessarily 
the only way to determine the level of cooling before 
circulatory arrest, and while not analyzed, we saw a trend 
in plateauing of the cerebral oximetry data that seemed to 
correlate with EEG silence. We would see EEG silence at 
the same time that the cerebral oximeter would plateau at 
a certain value. I agree that we are monitoring the 
anterior circulation, and certainly the posterior is vulner- 
able. Unfortunately, we haven't any tricks in that area. 
Dr. William A. Baumgartner (Baltimore. Md.). The 
addition of transcranial Doppler ultrasonography clearly 
provides the monitoring adjunct in assessing the adequacy 
of the methods used for neural protection. 
I have three questions. First. in addition to the inci- 
dence of stroke, do you have information on the incidence 
of neurocognitive d ficits observed in your patient groups 
and whether there is a difference between those groups? 
Second, do you have an opinion as to the temperature 
degree to maintain patients in the postoperative state. 
inasmuch as there is some laboratory evidence suggesting 
that maintaining patients in a cooler state before the 
operation leads to fewer neural problems? Third. based 
on our laboratory model and our past experience with 
clinical procurement of the heart-lung block by deep 
hypothermia and circulatory arrest, when the temperature 
was decreased to less than 10 ° C we saw a fair amount of 
pulmonary injury. I noticed in your abstract hat the 
lowest temperature was around 8 ° C. Did you see any 
pulmonary complications and did you see a correlation 
with the degree of temperature lowering? 
Dr. GanzeL We did not assess the more sensitive 
neurocognitive t sting in our patients, although clearly 
that is something we would like to have done. The 
pulmonary dysfunction that you described was not really 
investigated, although we would like to see the patients 
normothermic when they leave the operating room. We 
have not made an attempt o keep them cool in the 
postoperative p riod. Some cooling occurs from the time 
they are weaned from bypass, but we have not made a 
conscious effort to keep them cool. 
Dr. John E. Connolly (In,ine, Calif.). This is a very 
interesting technique to evaluate protection during arrest 
under profound hypothermia. However, I think the most 
accurate way to evaluate the time of safe cerebral isch- 
emia under profound hypothermia is to know exactly what 
the brain temperature is.We know that in carotid surgery 
the EEG is helpful, but the cerebral circulation can be 
evaluated more accurately in the awake patient. Some 
years ago we did extensive work on dogs under profound 
hypothermia nd circulatory arrest in a paper that we 
called "Bloodless Surgery," and we postulated at that time 
that all types of surgery, including operations for thora- 
coabdominal aneurysms, might ultimately be best per- 
formed under profound hypothermia and circulatory ar- 
rest if we knew what the brain temperature was at the time 
of arrest. In these animals, the brain temperature was 
monitored irectly with a fine thermistor needle inserted 
in the brain. This technique subsequently has been widely 
used by neurosurgeons for cerebrovascular esions, and it 
has been found that a thin needle thermistor probe does 
not damage the brain. We believe that the only absolutely 
reliable way to evaluate the length of time that you can 
operate with circulatory arrest under profound hypother- 
mia is to make a small trephine in the skull through which 
a small thermistor needle is inserted into a frontal obe. 
We found that in dogs, and I think you can extrapolate 
pretty well from dogs, because they do not tolerate 
ischemia as well as human beings, that if the brain 
temperature is 20 ° C, an hour of arrest is safe; if the brain 
temperature is 15 ° C, 2 hours of arrest is safe. I would like 
to ask the authors what they think about his approach to 
monitoring brain temperature. 
Dr. Ganzel. It would certainly be ideal to know the 
actual temperature of the brain. Given the present climate 
of the practice of medicine, itwould be somewhat difficult 
for us to advocate performing that technique in human 
beings, but it is an intriguing idea. 
Appendix 1. Intraoperative transcranial Doppler 
monitoring results 
High-pass Antegrade Retrograde 
RCP filter velocity velocity 
Date attempt (Hz) (cm/sec) (cm/sec) Comment 
8/9/93 No 150 15 0 
9/9/93 No 150 23 0 
9/13/93 No 150 15 0 
10/8/93 No 150 10 0 
12/17/93 No 150 20 0 
2/28/94 Yes 150 15 0 
3/21/94 No 150 12 0 
7/13/94 Yes 150 23 0 
7/21/94 Yes 150 20 0 
6/16/95 Yes 75 19 8 
9/6/95 Yes 75 30 7 
9/13/95 Yes 75 15 5 
9/20/95 Yes 75 38 0 
9/28/95 Yes 75 20 9 
9/29/95 No 75 11 0 
10/31/95 Yes 75 33 9 
11/18/95 Yes 75 20 5 
11/21/95 Yes 75 29 8 
12/11/95 Yes 75 18 9 
12/18/95 Yes 75 20 8 
12/19/95 Yes 75 I6 11 
1/5/96 Yes 75 10 8 
1/10/96 No 75 20 0 
1/13/96 Yes 75 27 9 
1/19/96 Yes 75 15 4 
1/23/96 Yes 75 30 7 
1/25/96 Yes 75 NA NA 
1/26/96 Yes 75 14 
1/31/96 Yes 75 20 16 
3/11/96 Yes 75 23 10 
Left 
thoracotomy 
Left 
thoracotomy 
Left 
thoracotomy 
No ultrasonic 
window 
RCp. Retrograde c rebral perfusion, antegrade, prearrest antegrade blood 
flow velocity; NA, not applicable. 
The Journal of Thoracic and 
Cardiovascular Surgery 
Volume !13, Number 4 
Ganzel et al. 7 5 7 
Appendix 2 
Ultrasonic measurement of retrograde flow velocity. 
Ultrasonic velocity resolution is determined by the pulse 
repetition frequency (PRF) and the number of points in 
the fast Fourier transformation (FFT) of the instanta- 
neous red blood cell velocity spectrum within the in- 
sonation sample volume. At the lowest PRF of 3900 Hz 
the maximum detectable Doppler shift frequency isPRF/2 
or 1950 Hz. From the equation 
FdC 
V - -  
2Fo 
where v = Doppler velocity, Fd = Doppler frequency, C = 
brain acoustic velocity (154/000 cm/sec), and F o = trans- 
ducer frequency, the minimum full-scale velocity is 75 
cm/sec. The 128 point FFT used in the NeuroGuard 
analyzer provides 64-pixel resolution in both the ante- 
grade and retrograde directions. Using the most sensitive 
scale, one pixel velocity resolution on the VGA monitor is 
thus 1.2 cm/sec (i.e. 75/64). Without filtering, a 4 cm/sec 
flow would result in an easily distinguishable 4- to 5-pixel 
signal. 
However, transcranial Doppler ultrasonography units 
use a high-pass filter to attenuate high-amplitude, low- 
frequency acoustic artifact arising from tissue movement 
against he probe. Initially, we used diagnostic ultrasono- 
graphs with high-pass filters of 150 Hz ( -3  dB roll-off 
frequency) or higher to measure low retrograde flows. In 
the worst case (i.e., complete sharp filter attenuation, ot 
-3  dB), the minimum detectable velocity with such filters 
determined from the above equation is 5.8 cm/sec. This 
threshold exceeds that found in 25% of our cases. The 
more recently introduced 75 Hz high-pass filter now 
makes possible flow velocity measurements a low as 2.9 
cm/sec or > 2 pixels, which is a small but discernable 
image. 
